An L-form isolated from Escherichia coli K 12 by sequential treatment with N-methyl-"-nitro-N-nitrosoguanidine and lysozyme was adapted to grow in hyperosmolar liquid cultures. It was stable in the absence of antibiotic when cultured in brain heart infusion (BHI) broth containing NaCl and CaC12, the optimal concentrations being 0.34 M and 1 mM, respectively. No growth of the L-form was observed when CaClz was not added to BHI medium containing 0.34 M-NaCl. On the other hand, when KC1 replaced NaCl as the osmotic stabilizer, growth of the L-form was repressed in the presence of CaC12. Electron microscopy of the L-form confirmed the absence of a cell wall. A revertant strain derived from the L-form grew as a stable bacillary form in BHI medium without osmotic stabilizer. The growth characteristics of the revertant strain resembled those of the parent strain. The revertant strain produced L-forms in the presence of NaC1.
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containing 1 % horse serum and 750 units penicillin G ml-I. After 4 months of serial passage at suitable intervals, the horse serum was omitted.
Adaptation to liquid medium. Well-developed colonies of L-form NC7 were used. Agar blocks containing L-form colonies were inoculated into BHI medium supplemented with 3% (w/v) NaCl as osmotic stabilizer, 5% (v/v) horse serum, 0.5% yeast extract, 1 mM-CaC12 and penicillin G (100 units ml-l). They were incubated without shaking at 32 "C. Thereafter, the horse serum was omitted. Under these conditions, the L-forms grew as separate cells without visible evidence of lysis. Identification of the strains was made by 7.5% (w/v) polyacrylamide gel electrophoresis of cell proteins. Protein was estimated by the Lowry method.
Growth conditions. The L-forms were grown without shaking in BHI medium containing 2% NaCI, 1 m~-CaCl,, 0.5% yeast extract and penicillin G (100 units ml-l) at 32 "C. P medium contained (1-l) 10 g peptone, 5 g yeast extract and 2 g glucose. The pH value was adjusted to 7.1 with NaOH or KOH. Solidified medium contained BHI medium supplemented with 1 % (w/v) agar, 0.5% yeast extract and 100 units penicillin G. The parent strain was grown in BHI medium. All cells were harvested in the exponential phase of growth by centrifugation (4000g, 15 min), washed once with BHI medium containing osmotic stabilizer, and inoculated into growth medium. The suspensions were incubated at 32 "C without shaking and growth was monitored by measuring optical density at 600 nm (1 cm path length)., The initial OD,,, was about 0.02.
Antibiotic susceptibility tests. The minimal growth inhibitory concentration of antibiotics was determined by the tube dilution method. BHI medium was used as growth medium for the parent strain, and medium supplemented with 2% NaCl and 1 m~-CaCl, for the L-form strain. Tubes containing 4 ml medium and serial dilutions of antibiotic were inoculated with 0.1 ml of an exponential-phase culture and incubated at 32 "C for 48 h. The lowest concentration of antibiotic able to inhibit growth was determined visually.
Electron microscopy. Colonies in soft agar were cut out and fixed for 1.5 h in 1.5% (w/v) paraformaldehyde and 1.5% (v/v) glutaraldehyde in 0.1 M-cacodylate buffer (pH 7.3) at room temperature. The prefixed specimens were washed for 30 min on ice in the cacodylate buffer, and fixed in 1 % (w/v) osmium tetroxide in 0.1 M-phosphate buffer (pH 7.3). The fixed specimens were dehydrated in a graded ethanol series, and embedded in Epoxy resin after passage through propylene oxide. Sections were cut with glass knives and mounted on Formvar-coated grids. They were stained with saturated aqueous uranyl acetate and lead citrate, and observed in a JEM lOOC electron microscope.
Chemicals. Peptone, yeast extract and BHI medium were purchased from Kyokuto Pharmaceutical Industrial Co. Sucrose (RNAase free) was purchased from Nakarai Chemicals. All other reagents used were of analytical grade.
R E S U L T S
Growth. The L-form NC7 of E. coli K12 has been maintained through about 120 transfers in BHI medium containing 3% NaCl and 1 mM-CaC1,. It is stable under these conditions. The effect of medium components on growth of the L-form is shown in Table 1 . Addition of 1 mMCaCl, to BHI medium supplemented with 2% NaCl markedly improved growth and allowed maintenance of the L-form through sequential transfers. Addition of 5% horse serum instead of CaC1, gave a similar result. On the other hand, the L-form grew poorly in the medium without NaCl, regardless of whether supplemented with CaC1, or serum (Table 1) .
In BHI medium supplemented with NaCl and CaC12, the L-form grew exponentially with a generation time of 5-6 h, and the ODbo0 reached a maximum within 2 d. No growth was observed in the absence of CaC1,. Properties of an E. coli L-form 529 Fig. 1 . SDS-polyacrylamide slab gel analysis of whole-cell extracts of the parent strain, the L-form strain and the revertant strain, all harvested in the late-exponential phase at 32°C. The gels (7.5% SDS polyacrylamide) were stained with Coomassie Brilliant Blue (0.124 mg protein was applied to each lane). A, parent strain grown in unsupplemented BHI medium; B, parent strain grown in BHI medium with 2.5% NaCl plus 1 mM-CaC1,; C, L-form strain grown in BHI medium with 2.5% NaCl plus 1 mMCaClz ; D, revertant strain grown in unsupplemented BHI medium. Table 2 . Minimal inhibitory concentrations of antibiotics (pg m1-I)
The highest concentration of methicillin and penicillin G used in this experiment was lo00 pg ml-1 ; 1 pg penicillin ml-I is equivalent to 1.7 units ml-I. Data are from duplicate experiments. Antibiotic susceptibility. The minimal inhibitory concentration of antibiotics known to affect protein or cell wall biosynthesis was determined to see whether the L-form differed in antibiotic susceptibility from the parent strain. Both the L-form and parent strains were sensitive to streptomycin, kanamycin, chloramphenicol and tetracycline. Penicillin, methicillin and Dcycloserine were used in these experiments, as inhibitors of cell wall biosynthesis. As expected, the L-form was resistant to these antibiotics, as compared with the parent (Table 2) .
Antibiotic
Polyacrylamide gel electrophoresis. To establish the identity of the strains and their relatedness, the electrophoretic patterns of the parent and L-form were studied. Although the gel for the parent showed some bands that were less intense than those present in the L-form patterns, there was a close similarity between the two patterns ( Fig. I ), in keeping with the genetic identity of the two morphological forms. Table 3 . Efects of osmotic stabilizers on growth of the L-form in BHI and P media
The cells were grown in BHI and P media with or without CaC12. As osmotic stabilizer, 2% KCl, 2% NaCl or 0.4 M-sucrose was added. The OD600 was measured after 48 h incubation. The values are means from three separate experiments, f SD. 
Growth (OD600)
Osmotic
Morphology.
Colonies of strain NC7 on BHI agar plates'had the fried-egg appearance associated with L-forms. Phase-contrast micrographs of cultures of the parent and L-form are shown in Fig. 2 . In liquid BHI medium supplemented with 3% NaCl and 1 m~-CaCl,, the Lform cultures consisted mainly of spherical bodies of varying sizes. Further, many morphological forms were seen which could be related to processes of propagation: binary or asymmetric fission and a type of budding. Electron microscope examination of ultrathin sections of an L-form colony illustrated that the L-forms were bounded by a single unit membrane (Fig. 3) .
Factors influencing growth of the L-form. Optimal growth of the L-form was obtained at 32 "C in the presence of 2% NaCl and 1 rn~-CaCl, (Fig. 4) . MgC12 at various concentrations had no Properties of an E. coli L-form 53 1 effect on growth. Sucrose (0.4 M) and KCl(2%, w/v) as osmotic stabilizers, and P medium, were tested as substitutes for 2% NaC1, and BHI medium, respectively. The L-form grew well in BHI or P medium containing 2% KCl only, but was inhibited in both the media when CaC1, was added. Addition of 0.4 M-sucrose instead of NaCl to P medium resulted in no growth in the presence or absence of CaCl,. However, significant growth in BHI medium containing 0.4 Msucrose was observed in the absence or presence of CaCl, ( Table 3) . By flame photometry, BHI broth contained approximately 126 mM-Na+ as NaCl and 52 mM-K+ as KCl. It appears, therefore, that the growth observed in BHI-sucrose medium without CaCl, was supported by the potassium ions present in BHI broth.
Reversion of the L-form.
Reversion of the L-form to the bacillary form occurred frequently in BHI medium without added NaCl during prolonged incubation (4-5 d). The revertant strain, RNC7-1, isolated from the L-form NC7 was stably maintained in BHI medium without NaC1. The colonies of strain RNC7-1 on EMB agar were black with a metallic lustre and indistinguishable from the parent strain grown under identical conditions. The morphology and The L-form, revertant and parent strains were inoculated to BHI medium with or without 2.5% NaC1, growth characteristics of the revertant are shown in Fig. 2(c) and Table 4 , respectively. The revertant exhibited normal bacillary morphology by phase-contrast microscopy and grew well in liquid medium without osmotic stabilizer when compared with the L-form, but did not grow as rapidly as the parent strain. The revertant and parent strains, maintained in BHI medium, grew with generation times of 72 min and 43 min, respectively. CaC12 had equally little effect on growth of the revertant and parent. Furthermore, the revertant was sensitive to penicillin G (1 1. 18 ml-l) (data not shown), as was the parent. The morphology, penicillin G susceptibility and growth pattern of revertant RNC7-1 were similar to those of the parent strain, although the revertant's growth rate was lower. When the revertant was transferred to BHI medium with NaCl, it again produced the same spherical bodies as the original L-form (Fig. 2d) . The first morphological change noted was the appearance of bulges which subsequently fragmented into Properties of an E. coli L-forrn 533 distinct spheres. Production of spherical bodies was stimulated by raising the NaCl concentration. Addition of distilled water or SDS (0.01 %) resulted in rapid lysis of the L-form, but had no effect on the revertant and parent strains. When SDS (0.05%) was added to the revertant culture grown in BHI medium containing 2.5% NaCl, the OD600 of the culture decreased (Table 4) , and lysis of spherical bodies was clearly observed by phase-contrast microscopy. In addition, when the revertant (bacillary form) grown in BHI medium was treated with SDS (0.05%) ' and transferred into fresh BHI medium with or without added NaCl, the cells were still viable; they grew as bacillary forms in the absence of NaC1, while in the presence of NaCl the culture contained a number of spherical bodies, whose production was stimulated by raising the NaCl concentration (data not shown). These results suggest that reversion of RNC7-1 to the 'parent' bacterium was incomplete.
DISCUSSION
The L-form of E. coli has been subcultured in BHI medium containing 0.5 % yeast extract, 3 % NaCl and 1 mM-CaC1, for two years. This strain is stable in the absence of penicillin G, and does not revert under these conditions. The resistance of the L-form to penicillin, D-cycloserine and methicillin demonstrated here was anticipated, since the L-forms lack a rigid cell wall. The absence of a cell wall was confirmed by electron microscopy. Optimal growth of the L-form was obtained when 1 mM-CaC1, was added to BHI medium supplemented with 2% NaCl. MgCl, had no effect on growth, whereas in the absence of CaCl,, no growth occurred in BHI medium containing NaCl. Also, the L-form did not grow unless NaCl was added to the medium, regardless of whether supplemented with CaCl,. King et al. (1969) reported that a polyacrylamide gel electrophoretic method for comparison of whole-cell peptide profiles might prove of value not only in determining or confirming genetic origins of L-forms, but also in clarifying differences among L-forms of a given origin. The results obtained here indicate that the L-form possesses essentially the same patterns as those of the parent strain, thus establishing its genetic identity.
The L-form, which normally required high concentrations of NaCl or sucrose as osmotic stabilizer, reverted occasionally into the bacillary form during prolonged incubation in BHI medium without osmotic stabilizer. The osmotic requirement of L-forms varies markedly with the species and strain of bacterium (Montgomerie et al., 1967) . A number of bacterial L-forms can survive without osmotic stabilizer (Gilpin & Patterson, 1976) . In the present study, the revertant strain may have resulted from cells which were able to survive without osmotic stabilizer. Although Mg2+ can have an effect on reversion (from L-form to bacillary form) (Horwitz & Casida, 1978) , no such effect of Mg2+ was evident in this study. However, reversion from the bacillary to the spherical form was noted when the NaCl concentration in BHI medium was raised. This may be due to release of protein from the cell envelope. Odgers et al. (1985) reported that when exponential-phase cells of Capnocytophaga ochracea were washed with 1.0 MNaC1, agitated in 1.0 M-NaCl for 2 h at 30 "C and exposed to lysozyme in a Tris/salts buffer, this resulted in 98 % spheroplast formation with complete removal of the peptidoglycan layer. They indicated that NaCl washes caused the release of protein, possibly from the periplasmic space and/or from an outer periodic macromolecular monolayer.
The growth rate of the revertant strain differed markedly from that of the L-form. In addition, there were differences in the optimal growth temperatures of the parent strain (37-40 "C) and Lform (32°C). These may indicate that an alteration in cell metabolism has occurred in the conversion of the bacillary form to the L-form. Hayami et al. (1979) reported that staphylococcal L-forms differed from their parent bacteria in their membrane lipid composition. Our results suggest that salts such as NaCl or KCl play an important role in physiological functions, involving cation transport systems, as well as osmoregulation. It would be of value to determine the basis for the stimulatory effect of CaCl, on growth of the L-form in media containing NaC€, since this may help to explain the functional mechamism involved in the CaC1, effect. Cationtransport systems in bacteria are poorly understood. The L-form, which lacks a peptidoglycan layer, may provide an excellent tool for the study of such active transport systems.
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